Introduction {#Sec1}
============

Spin-labelled molecules in partially ordered environments are restricted in their rotational amplitude. This is a common situation in liquid crystals or lipid membranes; also for spin labels anchored to a macromolecule, and in ligand binding sites or occlusion cavities. The degree of ordering is expressed by an order parameter that is related to the rotational amplitude and can be determined directly from the electron paramagnetic resonance (EPR) spectrum.

When the nitroxide *z*-axis lies close to the long molecular axis of a spin-labelled molecule, we can extract orientation order parameters from the EPR powder patterns of non-aligned samples, because spectral anisotropy is then largest \[[@CR1]--[@CR3]\]. Notable practical examples are lipid chains incorporating the DOXYL nitroxide (see e.g., \[[@CR4]--[@CR6]\]), and helical peptides containing the TOAC nitroxide residue \[[@CR7]--[@CR9]\]. Such situations also arise frequently in site-directed spin-labelling with MTSSL \[[@CR10]--[@CR12]\], and also for rigidly spin-labelled DNA bases \[[@CR13]\].
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Values for the order parameter are obtained from the splitting $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2A_{\hbox{max} }$$\end{document}$ of the outer peaks in an experimental powder pattern, and from that of the inner peaks $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\left\langle {A_{ \bot } } \right\rangle$$\end{document}$. We expect this because slow motion causes shifts in the outer extrema of the powder pattern, even for unrestricted isotropic rotational diffusion \[[@CR17], [@CR18]\]. The main purpose here is to obtain appropriate corrections when the spectra are in the slow-motion regime for nitroxide EPR.

Results {#Sec2}
=======

Figure [1](#Fig1){ref-type="fig"} shows 9.4-GHz EPR spectra for a ^14^N-nitroxide with fixed order parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$( \le 1.10^{8} {\text{ s}}^{ - 1} )$$\end{document}$ to fast motional regimes. Powder spectra from non-aligned samples are simulated with the stochastic-Liouville equation for Brownian diffusion \[[@CR19]\], as implemented in EasySpin 5.1.9 \[[@CR20]\], with molecular ordering specified by a Maier--Saupe orientational potential: $\documentclass[12pt]{minimal}
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In the fast regime, the motionally averaged hyperfine constants $\documentclass[12pt]{minimal}
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For comparison, previous corrections require subtraction of 0.03--0.05 for fast motion \[[@CR1]--[@CR3]\].
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For comparison, previous treatments make an additive correction of 0.05--0.09 mT for fast motion \[[@CR1]--[@CR3]\]

When calculating the order parameter, we use the isotropic hyperfine coupling to correct for differences between the hyperfine tensor of the experimental sample and that used to get $\documentclass[12pt]{minimal}
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Discussion and Conclusions {#Sec3}
==========================

Experience shows that spin-label spectra from systems exhibiting partial molecular order frequently contain components that are in the slow motional regime for nitroxide EPR. In such cases, we must make corrections to both $\documentclass[12pt]{minimal}
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To calculate order parameters for slow motion, we must know the diffusion tensor element $\documentclass[12pt]{minimal}
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                \begin{document}$$D_{{{\text{R}} \bot }}$$\end{document}$ that characterizes angular excursions of the molecular long axis (to which the nitroxide *z*-axis is assumed approximately parallel). This requires simulation results for at least one spectrum in an experimental series. The spectra in Figs. [1](#Fig1){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, which correspond to two different order parameters, can be a helpful guide here. We then get order parameter and isotropic coupling constant from Eqs. [8](#Equ8){ref-type=""} and [13](#Equ13){ref-type=""}, respectively, by using the appropriate calibration constants listed in Table [1](#Tab1){ref-type="table"} (or Table [2](#Tab2){ref-type="table"}). Alternatively, the calibration constants come from Eqs. [9](#Equ9){ref-type=""}, [10](#Equ10){ref-type=""}, [14](#Equ14){ref-type=""}--[16](#Equ16){ref-type=""} for $\documentclass[12pt]{minimal}
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The calibrations given here are for partially averaged powder spectra that display well defined axial anisotropy. For this, the nitroxide *z*-axis must lie close to the long molecular axis that is being ordered, because this is the principal axis for the N-hyperfine anisotropy. If the nitroxide *z*-axis is inclined at angle $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{P}}_{2} (\cos \theta_{\text{NO}} )$$\end{document}$ is a second rank Legendre polynomial. As already mentioned, practical examples of spin labels with the appropriately oriented nitroxide axes are DOXYL-labelled hydrocarbon chains, and TOAC in peptide helices. Complications arise with lipid chains because motion of the long molecular axis often lies in the slow regime \[[@CR24]\], but rotational isomerism of the chain segments is much faster \[[@CR25], [@CR26]\]. In this case, the effective hyperfine anisotropy is reduced from $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta A \times S_{t - g}$$\end{document}$ by rapid *trans*-*gauche* isomerism in the chain (cf. Eqs. [1](#Equ1){ref-type=""} and [2](#Equ2){ref-type=""}). Order-parameter calculations for the slow long-axis motion are then made using this reduced anisotropy. Multifrequency EPR is helpful in separating fast and slow components of spin-label motion. For instance, the slower long-axis motion of lipid chains in phospholipid membranes is driven into the rigid limit at 94-GHz EPR frequency, and the high field spin-label spectrum reflects motional averaging $\documentclass[12pt]{minimal}
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Although the slow-motion order parameter calibrations require an estimate of the diffusion coefficient, they offer significant improvements over those based purely on motional narrowing theory. Even when a full spectral simulation study is to be attempted, the calibrations given here are a useful starting point to establish initial simulation parameters.

It goes without saying that the present corrections apply only to those pseudo-powder spectra which show a well-defined inner hyperfine splitting, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2A_{\hbox{min} }$$\end{document}$. Although this accounts for a major class of spectra from important spin labels, there are numerous cases when this does not apply, e.g., polymeric liquid crystals and glasses (see for instance \[[@CR30]\]).
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